The coagulation of β-conglycinin (7S), glycinin (11S) and isoflavones induced by calcium chloride was investigated. Approximately 92.6% of the soymilk proteins were coagulated into the soymilk pellet fraction (SPF) after the addition of 5 mM calcium chloride. SDS-PAGE and two-dimensional electrophoresis analysis indicated that most of the 7S (α', α and β), 11S acidic (A1a, A1b, A2, A3 and A4) and 11S basic (B1a) proteins in the SSF were coagulated into the SPF after treatment with 5 mM calcium chloride. Isoflavones, including daidzein and genistein, were also coagulated into the SPF after the addition of 5 mM calcium chloride. The amounts of daidzein and genistein in the SSF decreased to 39.4 ± 1.6 and 11.8 ± 7.0%, respectively. HPLC analysis suggested that daidzein and genistein were bound with 7S and 11S proteins and then were coprecipitated into the SPF by 5 mM calcium chloride.
. The other major storage protein, 11S, is a hexamer with a MW of 320-380 kDa. Five major subunits of 11S have been identified and classified into two groups, Group I (A1aB1b, A2B1a and A1bB2) and Group II (A3B4 and A5A4B3), based on the identities of their amino acid sequences. Each subunit of 11S is composed of an acidic (A) polypeptide with a MW of ~32 kDa and a basic (B) polypeptide with a MW of ~20 kDa, which are linked by an interchain disulfide bond 4 . In addition to protein, soymilk is an excellent source of isoflavones. These isoflavones have received considerable attention due to their biological activity, such as lowering lipid and blood glucose levels, displaying antiatherosclerotic and antioxidation properties, and preventing hormone-dependent breast and prostate cancers 5, 6 . For the analysis of isoflavones, high-performance liquid chromatography (HPLC) is the most widely used method for detecting and characterizing isoflavones 7 . Several isoflavones have been isolated from soymilk, and they can be found as non-conjugated β -glucosides (ex. daidzein, genistein and glycitein), conjugated malonyl β -glucosides (ex. malonyldaidzin, malonylgenistin and malonylglycitin) or β -glucosides (ex. daidzin, genistin and glycitin) 8 . Soymilk can be transformed into soybean curd, also known as tofu. Tofu is a gel-like soybean food, formed by the addition of coagulants, resulting in the formation of a protein matrix 9 . Its preparation generally includes the coagulation of soymilk followed by molding and pressing. The coagulation of soymilk is the most important step in the tofu-making process 10 . Traditionally, calcium chloride is used as the coagulant in the industrial preparation of tofu. Coagulation occurs due to the cross-linking of protein molecules in the soymilk with the calcium chloride during incubation. Following the coagulation process, whey is removed for the preparation of a firm tofu 11 . The tofu coagulated with 0.4% calcium chloride was found to contain 1295.8 ± 2.4 μ g isoflavones/g dry tofu 12 . These isoflavones included daidzin, glycitin, genistin, daidzein, glycitein and genistein. These results indicated that soymilk proteins and isoflavones were precipitated into tofu during the tofu-making process.
Although the soymilk proteins were coagulated by calcium chloride, it is unclear how the isoflavones were precipitated into the tofu during the production process. To investigate the effect of calcium chloride on the coagulation of 7S, 11S and isoflavones in soymilk, SDS-PAGE, 2-DE and HPLC were conducted. Therefore, the objective of this study was to investigate the calcium chloride-induced coagulation of 7S, 11S and isoflavones in soymilk.
Results and Discussion
Effects of calcium chloride on the coagulation of the soymilk proteins. Soymilk samples were incubated with varying concentrations of calcium chloride (0, 2.5, 5, 7.5 or 10 mM) for 1 h. The amount of total protein in the SSF and SPF was determined. As shown in Fig. 1 , the total protein contents in the SSF and SPF, without calcium chloride treatments, were 9.57 ± 0.05 and 0.10 ± 0.04 mg/mL, respectively. This indicates that protein coagulation did not occur in the soymilk samples in the absence of calcium chloride. Following the 2.5 mM calcium chloride treatment, the total protein in the SSF decreased from 9.57 ± 0.05 to 7.92 ± 0.23 mg/mL. The total protein in the SSF decreased to 0.70 ± 0.03 mg/mL after the addition of 5 mM calcium chloride. Approximately 92.6% of the soymilk proteins were coagulated by the addition of 5 mM calcium chloride, and the total protein in the SPF significantly increased from 0.10 ± 0.04 mg/mL (without calcium chloride) to 8.63 ± 0.05 mg/mL (P < 0.05). The concentration of calcium in soymilk is very low (< 0.02 mM) and that adding 25 mM calcium chloride to soymilk can precipitate soymilk proteins 13 . Ono 14 reported that the coagulation of soymilk occurs due to the combination of calcium ions and soymilk proteins. The protein molecules bound by calcium ions have been described as being located on the side-chain carboxyl groups of aspartic and glutamic acid residues and the side-chain imidazole group of histidine residues. Ju and Kilara 15 reported that Ca
2+
-induced protein aggregation is thought to arise from three effects: 1) electrostatic shielding, 2) ion-specific hydrophobic interaction, and 3) crosslinking of adjacent anionic molecules through the formation of protein-Ca 2+ -protein bridges. The binding of Ca 2+ to soy proteins is an endothermic process (ΔH > 0) based on binding titration curves of soy protein dispersions with calcium chloride 16 .
Analysis of the effects of calcium chloride on 7S and 11S proteins using SDS-PAGE. As previously mentioned, the addition of 5 mM calcium chloride sufficiently coagulated the soymilk proteins into the SPF. Therefore, soymilk samples treated with varying amounts of calcium chloride (0, 2.5 or 5 mM) were analyzed by SDS-PAGE (Fig. 2) . The intensity of the protein bands corresponding to the 7S α ' , 7S α , 7S β , 11S A3, 11S acidic subunits and 11S basic proteins in the SSF significantly decreased following the addition of 5 mM calcium chloride (P < 0.05), the protein bands corresponding to the these proteins decreased to 1.8 ± 0.1, 0.9 ± 0.1, 1.1 ± 0.3, 1.6 ± 0.2, 2.1 ± 0.1 and 1.6 ± 0.1%, respectively ( Fig. 2A) . These proteins appeared in the SPF (Fig. 2B) . The presence of 7S and 11S proteins in the SPF is evidence that calcium chloride binds to the 7S and 11S proteins and that they are both involved in soybean curd formation. The protein particles in soymilk contain a large amount of 7S β and 11S subunits and that the 11S subunit is formed by conjugation with the core of the 7S β subunit 17 . Teng et al. 18 indicated that 10 mM and 20 mM calcium chloride can precipitate the maximum amounts of 11S and 7S, respectively. Our results suggest that 5 mM calcium chloride can precipitate soymilk proteins, including the 7S α ' , 7S α , 7S β , 11S A3, 11S acidic subunits and 11S basic proteins.
Identification of 7S and 11S proteins from 2-DE image of soymilk. A 2-DE image of the soymilk proteins is shown in Fig. 3 . Fourteen protein spots selected from the 2-DE gel and digested with trypsin, and the resulting peptides were analyzed by MS. Fourteen of 7S and 11S proteins were identified, assigned individual numbers and cataloged according to their molecular weights (MW) and isoelectric Soymilk proteins were separated on a 12.5% SDS-PAGE gel using pH 4-7 IPG strips. MW: molecular weight; pI: isoelectric point. The arrows indicate the protein spots identified in this study and were grouped into isomers of the 7S α ' subunit (spot 1), 7S α subunit (spot 2), 7S β subunit (spots 3-5), 11S A3 subunit (spots 6-7), 11S A4 subunit (spot 8), 11S A2 subunit (spot 9), 11S A1b subunit (spots 10-11), 11S A1a subunit (spots 12-13), and 11S B1a subunit (spot 14).
points (pI) ( Table 1 ). These proteins were grouped into isomers of the 7S α ' subunit (spot 1), 7S α subunit (spot 2), 7S β subunit (spots 3-5), 11S A3 subunit (spots 6-7), 11S A4 subunit (spot 8), 11S A2 subunit (spot 9), 11S A1b subunit (spots 10-11), 11S A1a subunit (spots 12-13), and 11S B1a subunit (spot 14). We found that several of the identified 7S and 11S proteins represented multiple observations of an individual soymilk protein on the 2-DE gel. The multiple spots on a 2-DE gel could be isoforms with different signals or target sequences, which would cause shifts in the pI and molecular weight 19 . The proteins could be post-translationally modified by the addition of side chains, phosphate, methyl groups, and other alterations that may affect the pI and molecular weight. Phosphorylation or glycosylation can also modify the molecular weight and/or pI of a protein 20 . Furthermore, the identified 7S (spots 1-5) and 11S (spots [6] [7] [8] [9] [10] [11] [12] [13] [14] proteins are storage proteins. The 7S is a trimeric protein composed of three subunits, α ' , α and β , assembled as a result of hydrophobic forces and hydrogen bridges that may be combined in different ways 3 . Nielsen et al. 21 indicated that 11S consists of five subunits: G1 (A1aB2), G2 (A2B1a), G3 (A1bB1b), G4 (A5A4B3) and G5 (A3B4). Several 11S subunits (spots 6-14), including A1a, A1b, A2, A3, A4 and B1a, were identified in our analyses. Based on physical properties, A1a, A1b, A2, A3, A4 and B1a are the subunits of G1, G3, G2, G5, G4 and G2.
2-DE analysis of the effects of calcium chloride on the 7S and 11S proteins. Soymilk samples
treated with varying amounts of calcium chloride (0, 2.5 or 5 mM) were also analyzed by 2-DE gels (Fig. 4) . When no calcium chloride treatment was employed, soymilk proteins were clearly observed in the SSF on the 2-DE gel, although no soymilk proteins were detected in the SPF. Some of the 7S and 11S proteins that were depleted in the SSF after 2.5 mM calcium chloride was added, including 7S α , 7S β , 11S A3, 11S A2, 11S A1b, 11S A1a, and 11S B1a, appeared in the SPF. Most of the soymilk proteins appeared in the SPF following the 5 mM calcium chloride treatment, and only a small amount of 7S α , 7S β and 11S A1a were observed in the SSF. Densitograms corresponding to the 2-DE images of the calcium chloride-treated SSF and SPF samples were also generated. As previously mentioned, most of the 7S subunits (spots 1-5) in the SSF were coagulated by the addition of 5 mM calcium chloride. The fold changes of the 7S α ' (spot 1), 7S α (spot 2), 7S β (spot 3), 7S β (spot 4) and 7S β (spot 5) subunits in the SSF were 0.04, 0.07, 0.03, 0.03 and 0.02, respectively. We observed that a portion of the 11S subunits Isolation and identification of isoflavones from soymilk, 7S and 11S proteins. The isoflavones extracted from soymilk and 7S and 11S proteins were analyzed by HPLC (Fig. 5) . Isoflavones from soymilk were subjected to the HPLC (Fig. 5a ). Five isoflavones (arrows, compounds 1-5) were isolated, which were collected at the elution times of 4-5, 5-6, 7-8, 11-12 and 14-15 min, respectively. The total yields of compounds 1-5 were 1.4, 1.0, 1.2, 1.1 and 1.3 mg, respectively. These purified isoflavones were analyzed using high-resolution ESI-TOF mass spectrometry, FT-IR and UV and were identified as daidzin, glycitin, genistin, daidzein and genistein, respectively. The quantification of these isoflavones by HPLC was performed, and commercial daidzin, glycitin, genistin, daidzein and genistein (LC Laboratories, Woburn, MA, USA) were used as the standards. The amount of each isoflavone in the soymilk (daidzin, glycitin, genistin, daidzein and genistein) were 20.2 ± 0.8, 3.3 ± 0.2, 6.9 ± 0.5, 15.7 ± 0.7 and 13.5 ± 0.1 μ g/mL, respectively (Fig. 5A ). The contents of daidzin, glycitin, genistin, daidzein and genistein in 95 °C heated soymilk were 0.50, 0.14, 0.59, 0.31 and 0.26 μ mol/g dry basis, respectively 8 . The isoflavone content in soymilk could be affected by the ratio of water and soybean 22 . Among these isoflavones, daidzin, daidzein and genistein were isolated from 7S and 11S proteins, and the amount of each isoflavone in the 7S proteins were 1.4 ± 0.1, 2.5 ± 0.2 and 1.9 ± 0.1 μ g/mg dry basis, respectively (Fig. 5B) . The amount of each isoflavone in the 11S proteins (daidzin, daidzein and genistein) were 1.1 ± 0.1, 1.5 ± 0.1 and 1.5 ± 0.1 μ g/mg dry basis (Fig. 5C ). The contents of daidzin, daidzein and genistein in the 7S proteins were 0.25, 0.43 and 0.54 μ mol/g dry basis, respectively 23 . Furthermore, the contents of daidzin, daidzein and genistein in the 11S proteins were 0.62, 0.39 and 0.41 μ mol/g dry basis, respectively. The difference in the content of isoflavones between 7S and 11S might be due to structural differences in the proteins, causing a different affinity between proteins and isoflavones 24 .
The following sections will focus on the spectral data of the identified daidzin, glycitin, genistin, daidzein and genistein obtained from ESI-MS, FT-IR and UV. Daidzin (compound 1). Compound 1 was a white powder (Fig. 5A) 25 , the structure of compound 1 was elucidated as daidzin.
Glycitin (compound 2).
Compound 2 was a white powder (Fig. 5A) (acetone: water: acetic acid = 70:29.5:0.5) λ max nm: 248, 220. Compound 2 was identified as glycitin by direct comparison with commercial glycitin (LC Laboratories, Woburn, MA, USA). Based on the data described above and the verified reference 26 , the structure of compound 2 was elucidated as glycitin.
Genistin (compound 3).
Compound 3 was a white powder (Fig. 5A) 25 , the structure of compound 3 was elucidated as genistin. (Fig. 5A) Woburn, MA, USA) . Based on the data described above and the verified reference 6 , the structure of compound 4 was elucidated as daidzein.
Daidzein (compound 4). Compound 4 was a white powder

Genistein (compound 5).
Compound 5 was a white powder (Fig. 5A) 27 , the structure of compound 5 was elucidated as genistein.
HPLC analysis of the effects of calcium chloride on the isoflavones. The isoflavone content
in the SSF and SPF samples was determined by HPLC (Fig. 6 ). As shown in Fig. 6A , the amounts of daidzin, glycitin, genistin, daidzein and genistein in the SSF without calcium chloride were 19.2 ± 0.1, 3.4 ± 0.1, 7.3 ± 0.4, 16.4 ± 1.3 and 15.6 ± 0.6 μ g/mL, respectively. Most of daidzein and genistein in the SSF significantly decreased with 5 mM calcium chloride (P < 0.05). However, only a portion of daidzin, gycitin and genistin in the SSF decreased with 5 mM calcium chloride. The amounts of daidzein, genistein, daidzin, gycitin and genistin in the SSF decreased to 39.4 ± 1.6, 11.8 ± 7.0, 91.4 ± 4.0, 75.8 ± 1.2 and 80.1 ± 6.4%, respectively, during that period. These isoflavones, including daidzein and genistein, and a portion of daidzin, gycitin and genistin also appeared in the SPF (Fig. 6B) . This suggested that daidzein and genistein, and a portion of daidzin, gycitin and genistin, were coagulated from SSF into the SPF by calcium chloride.
The effects of calcium chloride on the coagulation of isoflavones were also evaluated. The isoflavones extracted from soymilk were incubated with 0-10 mM of calcium chloride. However, no significant changes in the amounts of daidzin, daidzein, genistein, genistin and glycitin in supernatant were observed (Fig. 7) . This result indicated that isoflavones were not immediately coagulated with calcium chloride. As previously mentioned, isoflavones including daidzin, daidzein and genistein were isolated from dried 7S and 11S proteins. The presence of daidzin, daidzein and genistein in the 7S and 11S proteins are evidence that daidzin, daidzein and genistein bind to the 7S and 11S proteins. The isoflavones may coprecipitate with proteins because of the surface hydrophobicity of the protein and its ability to interact with isoflavones 28 . Li and Hagerman 29 suggested that the hydrophobic pocket between bovine serum albumin subdomains IIA and IIIA is the binding site for epigallocatechin-3-O-gallate. The interaction between flavanols and amino acids has also been reported. For example, glycine binds with the oxidized B-ring of catechin through the formation of Schiff bases 30 . Therefore, our results suggested that daidzein and genistein and a portion of daidzin, were bound with 7S and 11S proteins and then coprecipitated into the SPF by 5 mM calcium chloride.
In conclusion, we examined the effects of calcium chloride on the coagulation of β -conglycinin (7S), glycinin (11S), and isoflavones in soymilk. The results obtained from SDS-PAGE analysis, two-dimensional electrophoresis, and HPLC clearly demonstrate that the addition of 5 mM calcium chloride induced the coagulation of most of the 7S (α ' , α and β ), 11S acidic (A1a, A1b, A2, A3 and A4), and 11S basic (B1a) proteins was well as isoflavones, including daidzein and genistein. Moreover, we provide evidence that isoflavones (including daidzein and genistein) bonded to 7S and 11S to form 7S-isoflavone complex and 11S-isoflavone complex in soymilk. These complexes were then precipitated into SPF following the addition of 5 mM calcium chloride. Our findings provide important information related to the effects of calcium chloride on the coagulation of 7S, 11S, and isoflavones, and provide a valuable reference for future research into the production of tofu from soymilk.
Materials and Methods
Preparation of soymilk samples. Soybeans [Glycine max (L.) Merr., 100 g] were washed and soaked in distilled water at 25 °C for 12 h. Hydrated seeds were drained and ground into homogenates in 1 L of distilled water. The raw soymilk was filtered through a cotton filter and heated in a 90 °C water bath for 1 h. The soymilk was collected and stored at 4 °C. To investigate the effects of calcium chloride on the coagulation of soymilk proteins, soymilk was centrifuged at 12,000 × g for 20 min at 4 °C using a centrifugal separator to remove lipids. Varying concentrations of calcium chloride (0, 2.5, 5, 7.5 or 10 mM) were added to 1 mL of soymilk, followed by incubation at 30 °C for 1 h. Following incubation, the soymilk Preparation of 7S and 11S proteins. The preparation of 7S and 11S proteins from soymilk was according to the method of Nagano et al. 31 with some modifications. Briefly, 0.1% sodium bisulfate was added to soymilk (25 mL), and the pH was adjusted to 6.4 with 0.2 M HCl and then incubated at 4 °C for 12 h. After 20 min centrifugation at 12,000 × g at 4 °C, the pellet (11S protein) was collected. NaCl (0.25 M) was added to the supernatant, and the pH was adjusted to 5.0 with 0.2 M HCl and incubated at 4 °C for 1 h. After 20 min centrifugation at 12,000 × g at 4 °C, the supernatant was collected and adjusted to pH 4.8 with 0.2 M HCl. After 20 min centrifugation at 12,000 × g at 4 °C, the pellet (7S protein) was collected. The protein concentrations of samples were determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA). Bio-Rad protein assay dye was diluted with 4 volumes of water and mixed with standards or soymilk samples. The absorbance at 595 nm was measured using a UV spectrophotometer (U-1900; Hitachi High-Technologies Corporation, Minato-ku, Japan), and bovine serum albumin (Sigma Chemical Co., St. Louis, MO, USA) was used as the standard.
Preparation of isoflavone samples. Soymilk, SSF, SPF, 7S and 11S proteins samples were lyophilized into powder and the isoflavones were extracted from these samples according to the method of Xu and Protein digestion and identification. Fourteen protein spots on the 2-DE were excised and destained in a solution containing 250 μ L acetonitrile/50 mM ammonium bicarbonate (1:1). The gels were dried using a centrifugal vacuum concentrator. The cysteine residues in the samples were reduced and alkylated using DTE and iodoacetamide, respectively. The gels were rehydrated in a trypsin solution (12.5 ng/mL) for tryptic digestion and incubated at 37 °C for 16 h. Peptide fragments were extracted with an equal volume of 100% acetonitrile and 2% trifluoroacetic acid, and sonicated in a water bath for 10 min. The extracted peptides were concentrated in a vacuum centrifuge. For matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) analysis, the extracted peptides were mixed 1:1 with a matrix solution (5 mg/mL α -cyano-4-hydroxycinnamic acid in 50% acetonitrile, 0.1% trifluoroacetic acid and 2% ammonium citrate) and spotted onto a 96-well format MALDI sample stage. Data were directly obtained using a quadrupole time-of-flight (Q-TOF) Ultima MALDI instrument (MALDI TM ; Micromass, UK). Peptide mass fingerprint data from MALDI-Q-TOF analyses were used to identify protein candidates in the Swiss-Prot protein database using the Mascot (http://www.matrixscience.com) search program to identify proteins. The search parameters allowed for methionine oxidation, cysteine carbamidomethylation, one missed cleavage site and a peptide mass tolerance of 0.25 Da. The product ion spectra generated by Q-TOF MS/MS were compared to the Swiss-Prot protein database, and an exact match was found using the Mascot search program.
HPLC analysis and identification of the isoflavones. The isoflavone samples were subjected to column chromatography on the HPLC according to the method of Hsieh, Kao, and Chen
7
. The HPLC system is composed of a pump (PU-2089, JASCO), a detector (UV-2070, JASCO) and a C18 packed column (Vydac 218TP54, 4.6 mm × 250 mm, 5 μ m Spherical, Grace Vydac, Hesperia, CA, USA). The mobile phase was solvent A (100% acetonitrile) and solvent B (ultrapure water). Elution conditions were as follows: 8-50% of A to B for 0-16 min (linear gradient) at a flow rate of 2 mL/min. The effluent was monitored through an optical absorption study carried out at 262 nm. The isoflavones were then collected, and the chemical structures were identified using ultraviolet spectra (UV, Hitachi, U-1900), Fourier transform infrared spectrum (FT-IR, Avatar 320, Pittsfield, MA. USA), a polarity meter (Perkin Elmer, 341), and high-resolution ESI-TOF mass spectrometry (ESI-MS, BioTOF III; Bruker Daltonics, Inc. Billerica, MA, USA).
